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Abstract
In general, remodeling phenomenon of the periodontal ligament (PDL) is occurring in 
all times. Thus, in the chapter, the word “maintenance” was used, and the chapter title 
is “Maintenance of Periodontal Ligament Homeostasis.” Our experimental data on the 
remodeling of the PDL with cell acceleration at the furcation area in this experimental 
model are recovered using the cells in situ and the bone marrow-derived cells (BMCs). 
BMC migration into the PDL tissues using green fluorescent protein (GFP) bone marrow-
transplanted model mouse was examined. BMCs have abilities of cell migration and 
differentiation into tissues/organs in the body. The immunohistochemistry revealed 
that GFP-positive cells were detected in the PDL. GFP-positive cells were also positive 
to CD31, CD68, and Runx2 suggesting that fibroblasts differentiated into osteoclasts 
and tissue macrophages. In this way, Notch signaling involvement considered in our 
tentative examinations revealed that the experimentally induced periodontal polyp was 
examined; the cytological dynamics of the cells in granulation tissue are mainly from 
migration of undifferentiated mesenchymal cells of the bone marrow and differentiate 
into the tissue-specified cells. Furthermore, the data suggest that cell differentiation is 
due to Notch signaling.
Keywords: periodontal ligament (PDL), homeostasis, cell migration, bone marrow-
derived cells, notch signaling
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1. Introduction
In general, “homeostasis” of the periodontal ligament tissues (PDL) is occurring in any times, 
due to the mechanical stress to the tissue including the physiological and pathological occlusal 
stress and/or orthodontic mechanical stress, and so on. Thus, in the above sentences, the word 
“homeostasis” was used in the chapter. From a view point of developmental biology, there 
are well-known facts that the main component of PDL fibroblasts is from neural crest-derived 
neuroectodermal cells. From the point of the fact, at the period of the maintenance of the PDL, 
there are numerous cell proliferations that occurred in the regional tissues. It is a very impor-
tant problem. Thus, at first, we introduce the chosed GFP bone marrowtransplanted model 
mouse (Tsujigiwa’s model [1, 2]) shown in Figure 1 (GFP mouse model: upper).
I used the ddY mouse as an experimental animal and chosed a histopathology in a peri-
odontal ligament of the mouse that received mechanical stress by Waldo methods. The 
immunohistochemistry manifestation situation of heat shock protein 27 (HSP27) and phos-
phorylated HSP27 (p-HSP27) was investigated until that and at most 24 hours later. A 
periodontal ligament fibroblast was both low in HSP27 and p-HSP27 in the control group. 
But HSP27 was manifested 10 minutes later after a PDL fibroblast caused mechanical load-
ing on the tension side of experimental group. The strongest appearance was detected 
9 hours later after mechanical load was led. p-HSP27 was also weaker than HSP27, but it 
was manifested in a time-depending way. These results suggest that HSP27 and p-HSP27 
are manifested by activation of a PDL fibroblast on the tension side for maintenance of the 
Figure 1. GFP-transplanted model mouse schematic diagram.
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homeostasis of the periodontal ligament. Therefore, the facts suggest that these proteins 
will act on this as molecular chaperone for activation of an osteoblast and maintenance 
later.
We have investigated using the GFP mouse, the cell dynamics of the periodontal ligament in 
the past decade. The following experiments have been carried out: (1) Orthodontic mechanical 
stress causing injury of the periodontal ligament tissues. (2) Occlusal trauma of the periodon-
tal ligament. In the examinations, histopathological changes were observed at the course of 
the experiments. Furthermore, we used the GFP bone marrow-transplanted mouse for exami-
nation of the cell supplying source to the regional periodontal ligament tissues from bone 
marrow-derived cells (BMDCs). (3) Experimentally induced periodontal polyp-contained 
cells are mainly from migration of undifferentiated mesenchymal cells of the bone marrow 
and differentiate into the tissue-specified cells. (4) Furthermore, the cell differentiation is 
due to the expression of Notch signaling. The result also suggests that the PDL fibroblasts 
in granulation tissue are differentiated in the periodontal ligament-specified cells from bone 
marrow-derived mesenchymal cells.
2. GFP-BMDCs into the PDL-received orthodontic mechanical stress
The periodontal ligament (PDL) is usually remodeling at physiological in condition. Further-
more, orthodontic treatment results to mechanical stress inducing reorganization of PDL colla-
gen bundles. The examination results in “movement of an orthodontics tooth.” The mechanical 
stress communicated to PDL causes a reaction of organization and causes “movement of a 
tooth.” This reaction of PDL is the one for maintenance of a homeostasis. A histology-like reply 
and production of the copying factor which controls a cell differentiation and various morpho-
genesis phenomena are studied more widely in recent years [3, 4]. It becomes clear that it’s able 
to bring manifestation of a remodeling of a periodontal tissue and the activated molecule which 
replies to various mechanical stress and inflammation to maintain a homeostasis [5–10]. Our 
experimental method was based on our previous reports [4, 5]. The Waldo method of inducing 
mechanical stress load in mouse periodontal tissues was followed. Under general anesthesia, 
the mouse was inserted between the maxillary molars to induce persistent mechanical stress. A 
separator was inserted between M1 and M2 of the right maxillary molars to ensure the mechani-
cal stress due to pressure over a period of time. After each experimental time, the periodontal 
tissues of the left maxillary molar region (untreated side) were used as controls. In this experi-
ment, the distal buccal root of the maxillary first molar was the observation part. The schematic 
diagram, macro-view, and histology are shown in Figure 2.
Therefore, we focused on the expression of various HSPs that maintain homeostasis during 
injury. HSPs are one of the factors recognized that is transiently enhanced by heat shock [11]. 
It is also called stress protein because it is not only enhanced by heat shock but also by isch-
emia; other pathological changes such as infections and inflammation and radiation; physical 
stress such as light; stress from enzymes, heavy metal ion, arsenic, arsenic acid, methanol, 
and active oxygen; and stress from chemical and various amino acid derivatives [12, 13]. 
When the chromosomes of the salivary gland of Drosophila were at high temperatures, HSP 
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strongly expressed [14]. After that, the isolation of synthesized HSP by a SDS-polyacrylamide 
gel electrophoresis first by Drosophila. Some of the main protein which was also led by heat 
shock method of treatment in non-salivary glandular system was regarded as HSP together. 
A puff of the mRNA history of HSP was copied. After that a high study is reporting that the 
colon bacillus kept during the environment, leaven, and a gene of other mammalian cells are 
able to receive a heat stress and preserve a gene more than they are concerned with HSP [14]. 
The representation of these HSPs is then a common phenomenon [15]. HSPs have molecular 
ancillary and functional antiapoptotic capacity [16, 17] from ancient times. That is, it is a pro-
tein that develops to escape cell death in harsh conditions for cell survival. Many HSPs also 
Figure 2. Experimental schema (a), macro-view (b, c), and histology (d). Quotation alteration of literature #5.
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express many cells in response to stress, suppression, and repair of proteins whose properties 
have been altered. In addition, HSPs are essential proteins to maintain various cellular life 
functions between cell differentiation and growth and presence. It is a widely distributed 
intracellular equilibrium protein, which is regularly expressed under various conditions in 
in vitro and in vivo experiments. Depending on the molecular weight, HSP is classified into 
high molecular HSP (HSP 110, HSP 90, HSP 70, and HSP 40–60 families) and low molecular 
HSP (HSP 20 family). These are polypeptides of tens to hundreds of kDa. Many researches 
have been done on expression and function of these HSPs and various sites. That is, high 
molecular HSPs such as HSP 70 and HSP 90 have a role of assisting the maturation of proteins. 
That is, it temporarily binds to immature state protein and acts as a molecular chaperone. 
However, small molecular HSPs that function as molecular chaperones have not yet been 
reported [21]. HSP 27 belongs to the low molecular HSP family. Firstly, HSP 27 was found in 
the actin polymerization. HSP 27 is known to exist at high levels in non-stimulated vascular 
smooth muscle and skeletal muscle cells. From this, it is believed that HSP 27 plays a role in 
maintaining blood pressure and other physiological effects in the vascular system [18–20].
We reported that BMCs migrated into the PDL regions; PDL fibroblasts, hemendothelial 
cells,osteoclasts, and Langerhans cells migrated into the PDF regions. These cells differentiate 
into their tissue-specific cells [21–23]. The facts are that BMCs are not mesodermal cells and 
they are derived from neural crest cells. This differentiation into specialized cells may be done 
on the spot by expression of odontogenic genes [24]. According to a classical tissue engineer-
ing technique, the tooth-like structure is created based on biodegradable polymer scaffolds by 
transplantation of dental pulp cell pellets or BMC extracted directly from dental embryonic 
cells and dental pulp stem cells separated by enzyme treatment [25].
We examined the transplanted BMC migration into the PDL. The IHC revealed that GFP-
positive cells were detected in the PDL tissues. A number of GFP-positive cells appeared on 
mechanically loaded periodontal tissue, especially on the tension side of the experimental 
group. On the other hand, little GFP-positive cells appeared in the control group. From the 
above results, we analyzed how they differ from the experimental group and control group 
[25]. Thus, these data indicated that orthodontic mechanical stress acts as a possible promot-
ing factor of transplanted bone marrow-derived cell migration into periodontal tissues and of 
differentiation to fibroblasts [26].
On the other hand, mice transplanted with bone marrow cells of GFP transgenic mice were 
used to observe GFP-positive cells in dental pulp of mouse incisors, PLD, oral epithelial 
Langerhans cells, pulp fibroblasts, dental vascular endothelial cells, and osteoclasts. GFP-
positive cells in the dental pulp are dendritic cell-like cells, and some odontoblast-like cells 
also showed a positive response to GFP. It is clear that BMCs have the ability to differentiate 
into teeth and related connective tissues. GFP-positive cells histopathologically differentiated 
into several cell types. Fluorescent immunohistochemistry (FIHC) and tartrate-resistant acid 
phosphatase (TRAP) staining techniques showed that these cells were detected as osteoclasts 
and macrophages. In addition, GFP-positive cells gathered in adjacent blood vessels. This 
data suggests that GFP-positive BMCs migrate to periodontal tissues and differentiate PDL 
tissue-specified cells.
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GFP-positive cells were detected in PDL in both experimental and control groups in this 
study. In the experimental group, a number of GFP-positive cells were found in the PDL 
tissue and intermittently stimulated intermittent mechanical stress. However, there were 
few GFP-positive cells in the control group. This result was significantly larger between the 
experimental group and the control group. This suggests that orthodontic mechanical stress 
induces GFP-positive transplanted BMCs into the PDL tissues.
BMC migrate from bone marrow tissue and different types of tooth-related cell types includ-
ing odontoblasts [27], osteoclasts [28], and PDL [29, 30]. Osteoblasts and osteoclasts maintain 
and reconstruct cancellous bone surrounding the marrow tissue. BMCs from the bone mar-
row are closely involved in the repair of tissues to maintain periodontal tissue homeostasis of 
PDL fibroblasts. Furthermore, mechanical stress strongly induces cellular activation of these 
PDLs. Teeth can be produced from non-odontogenic stem cells. This establishes the basic 
principle that bone marrow stem cells are also involved in tooth embryogenesis. As a future 
therapeutic possibility, these cells include transplantation to a tooth defect site or transplanta-
tion into a patient’s bone marrow with developmental abnormality, which may lead to a new 
approach to tooth and jaw bone regeneration.
3. GFP-BMDCs into the PDL received occlusal trauma
Regarding the examination results of periodontal ligament in experimental occlusal trauma 
mouse model, we have reported the cytological behavior of the related regions. The experi-
mental model diagram is shown in Figure 3. Periodontal connective tissue remodeling 
occurred due to traumatic occlusal overload [31]. In the remodeling course, the fibroblasts 
act as an important role. In the process of PDL remodeling phenomenon, fibroblasts make 
an important role such as collagen synthesis. Heat shock protein 47 (HSP 47) is a protein that 
acts as a molecular chaperone in procollagen biosynthesis and maturation. Type I collagen is 
a major component of PDL. Therefore, in our study, the expression of IHC of HSP 47 on the 
experimental-induced periodontal tissue of traumatic occlusion was investigated. That is, an 
experimental occlusal trauma model was developed and experimented. Expression of HSP 
in occlusal trauma periodontal tissue was performed using immunohistochemistry (IHC). 
The results indicated that fibroblasts had high HSP expression in response to excessive trau-
matic occlusion. HSP 47 is thought to play an important role in the maintenance of fibroblast 
homeostasis exposed to traumatic occlusion. HSP 27 and HSP 70 have detailed observation 
results on damaged periodontal tissue by Muraoka et al. [5–7]. Based on the experiments of 
Fujii et al. [31] and Takaya et al. [32], we carried out the IHC study on the histopathological 
changes of mouse dental tissue and on HSP.
The experimental outline is shown in Figure 3. After that, changes in the periodontal ligament 
were observed over time. Then after, the micro plus screw was removed at day 4 after implan-
tation, and the subsequent tissue changes were observed. Histopathological examination: It 
was observed that a fibroblast and a spindle-shaped cell have high density in a periodontal 
ligament of the control group. An erythrocyte was filled by a capillary. Periodontal ligament 
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fiber was arranged irregularly. An osteoclast could see conspicuously in an alveolar bone. 
The furcation was lined by acellular cementum. At experimental group on day 1, the capillary 
which swelled was filled with an erythrocyte. The amount of deeply stained cells with round 
nuclei increased. More osteoclasts were observed on the glassy surface of the alveolar bone.
There are several kinds in a stem cell; a stem cell differentiates into various cells of a human 
body and has a special nature. The stem cell and a marrow-derived cells (BMCs) also pos-
sess the differentiation special quality of the plural. Many researchers reported that BMCs 
might relate into retinal vessels, myoblasts, hepatocytes in the liver, Purkinje neurons, cardiac 
muscle in the heart, and airway epithelial cells in recent years [33, 34]. A stem cell can be 
used in the field of the regenerative medicine; so to regenerate an organ, the stem cell is 
very important for treatment of various diseases [35]. For treatment of an end limb ischemia 
and an ischemia disease including myocardial infarction, a try at a local delivery of BMCs is 
studied [36, 37].
It is stated that occlusal trauma is defined as damage resulting from tissue changes within 
the PDL as a result of abnormal occlusion forces. It has been proven for many years by many 
researchers that occlusal trauma may cause various destructive biological reactions to the 
tissue of PDL [37–40]. A lot of researchers reported cytological kinetic examinations of PDL 
tissue regarding occlusal trauma PDL, but they have not been fully performed regarding 
establishing an experimental system with animals that can be used in a very versatile manner; 
we have constructed an experimental system with a mouse with respect to the occlusal trauma 
model. We reviewed the organization of PDL from the perspective of cytological kinetics [40]. 
We then performed a histopathological and also immunohistochemical study. Figure 4 shows 
histopathology and IHC results.
Figure 3. Diagram of the mouse traumatic model.
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Eleven 7-week-old ddY male mice and eight 7-week-old bone marrow-transplanted female 
C57BL/6 genealogy mice from GFP transgenic mice (GFP mice), for a total of 19 mice, were 
used in this study. Histopathological examination showed as followed. Control group speci-
mens showed the PDL maintained a constant width; the major fibers arranged in orderly 
cementum and alveolar bone. Spindle-shaped fibroblasts that appeared in PDL were col-
lagen fiber bundles. In the relatively dense cell nucleus, PDL, there was a congested capillary. 
Furthermore, the cellular cementum could be clearly confirmed. On day 4 of the experimental 
group, PDL was somewhat compressed, and evident capillary vessel filling was confirmed. In 
spindle-shaped fibroblasts, those with deeply stained circular nuclei of hematoxylin increased 
in number. Multinucleate giant cells appeared mainly on the alveolar bone surface. It gradu-
ally absorbed bone tissue and made some blanks. In the experimental group, the circular 
nucleus cells decreased considerably on day 7 from day 4. Vascular hypertrophy developed. 
Multinucleate giant cells were expressed on the alveolar bone surface of Howship’s lacunae. 
On day 4 of the experimental group specimens, the regression of hyaline degeneration area 
had expanded. Furthermore, the cellular cementum destruction was evident in the expansion 
of PDL areas. On day 14 of the experimental group, the cementum absorption region by 
multinucleated giant cells and the alveolar bone surface rapidly expanded remarkably. There 
was a decrease in cells with circular nuclei. Cells in which both the nucleus and the cytoplasm 
are spindle-shaped are increasing again. The width of PDL became wider.
Using the cytological kinetics method, we analyzed the nuclear occupancy to compare all 
cell numbers. The area examining the occupancy rate analyzed related PDL experiments and 
Figure 4. Histopathology of control region (a) and experimental region (b) of the day 4 specimen. Scale bar = 50 μm. IHC of 
GFP. Control specimen (c) and experimental day 7 specimen (d). Scale bar = 50 μm. Quotation alteration of literature #32.
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control groups in the histopathological photographs. The result was markedly increased on 
the day 4 of the experimental group. Compared with the experimental group, experimental 
group on day 7 and 14 decreased but mostly of the same degree share, and they were not 
significant to compare with the control group.
GFP-positive cells were sparse in the control group and the experimental group on days 4 and 
14. These cellular contours are PDL cells with circular nuclei. According to the digital image 
analysis method, the number of GFP-positive cells increased in the experimental group day 7. 
The results of image analysis of GFP-positive cells of PDL on the day 7 of the experimental group 
showed a considerably larger increase in comparison with the control group.
In the progress of periodontal disease [41], things such as dental plaque and tartar caused 
by tooth deposits are common, but it is well-known that occlusion abnormalities such as 
traumatic occlusion are also important. Histopathological examination of PDL has been con-
ducted [42–46] so far. These were done using rats, mice, macaque monkeys, and Beagle dogs. 
However, the report did not find a focus point at cytological kinetics of periodontal ligament 
due to excessive occlusal loading. Thus, we focused the cytological kinetics in the periodontal 
tissues by excessive occlusal loading.
GFP-IHC specimens shows, although the positive rate of GFP was considerably high on 
the day 7 of the experimental group, that there was almost no significant difference in the 
day 14 of the experimental group as compared with the control group. All cells constituting 
individual tissue cells of GFP transgenic mice have green fluorescent protein. Even if any 
types of cell differentiate transplanted bone marrow-derived cells, they can be traced by 
GFP. It is a technique of immunofluorescent staining. Such cells were identified from bone 
marrow-transplanted cells. At first it was osteoclasts and macrophages. It is reported later 
in the results of the previous experiment that many GFP-positive cells migrate to the PDL 
tissues in mice and differentiate into in situ specific cells. Furthermore, it is easy to imagine 
that dendritic cells and PDL fibroblasts, which migrate into the PDL, differentiate into PDL-
specific cells.
In the experiment, bone marrow-derived cells showing GFP-positive cells in PDL of the root 
bifurcation region subjected to occlusal trauma on the day 7 of experimental group increased. 
It is clear that the majority of GFP-positive cells are osteoclasts and macrophages by previ-
ous studies. It is not only PDL damage due to continuous excessive occlusal trauma. It causes 
remodeling of alveolar bone and PDL and mobilization of bone marrow-derived cells is neces-
sary for it.
According to many studies, PDL remodeling phenomenon due to acceleration of cell activa-
tion is caused by excessive traumatic occlusion stress on the day 4 of the experimental group 
on the tooth PDL damaged part in the root furcation region. In the experimental group 
day 7, PDL remodeling mechanism is done by osteoclasts and macrophages. The cells are 
present in the furcation area as GFP-positive BMDCs. Therefore, when gingivitis has not 
been caused at all or only very slightly, the PDL stressed with traumatic occlusion; it will be 
constructed by BMDCs.
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4. Differentiation of BMDCs into the PDL peculiar cells
The IHC view is as follows. BMDC is GFP-positive except for an endothelial cell of micro-
capillarity. PDL cells and/or cells spindle in shape on the alveolar bone surface are mostly 
GFP-positive (Figure 5a). Furthermore, the micro-capillaries are positive for GFP in some 
occasions of the periphery (Figure 5b).
Cells of various cell types could be identified by immunofluorescence double staining check 
for GFP. Green fluorescent GFP-positive cells as orange fluorescence by fluorescence immu-
nohistochemical double staining of GFP-S100A4 (Figure 5c) and GFP-Runx2 were consistent 
with red fluorescent S-100 A 4-positive and Runx2-positive cells (Figure 5d). Fusiform cells 
toward the root direction were arranged in a bundle. When superimposing, the nucleus 
stained blue, and the cell of that cell was stained orange. The enlarged view of Figure 6 also 
clearly shows both positive for GFP and CD 31 and proposes PDL capillaries (Figure 5e).
Recently, many studies using undifferentiated mesenchymal cells (UDMC) of the bone mar-
row are done in the repair and regeneration of tissues, bones, and other organs around the 
Figure 5. IHC results showing GFP-positive round- or spindle-shaped cells within the PDL tissues (a, scale bar = 50 μm) 
and GFP-positive products existing within the vascular endothelial cells (b, scale bar = 50 μm). Regarding the lower layer 
photographs (c–e), enlarged FIHC images of PDL, 6 months specimen. GFP (green) and merged image (c) of S-100 A4 
(red) result fibroblast. GFP (green) and Runx2 (red) view (d) shows clearly both positive suggesting PDL fibroblasts, and 
GFP (green) and CD31 (red) image (e) suggests endothelial cells. Scale bar = 100 μm. Quotation alteration of literatures 
#26 and 43.
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teeth. Regarding the alveolar bone and the PDL regenerations, it was described for the differ-
entiation of UDMC from bone marrow into cartilage [11, 12]. Experiments on BMDCs using 
GFP mice showed that after cell transplantation, it differentiated into salivary gland epithelial 
cells and myoepithelial cells capable of playing a role not only of olfactory cells but also sali-
vary gland tissue [13]. Histopathological examination of experimentally loaded mice in orth-
odontic treatment showed that bone marrow stem cells increase bone remodeling capacity [3].
Tomida et al. reported that PDL cells increased after 1–5 weeks of mechanical stress. In the 
current study, the cell number was calculated by counting GFP-positive cells in the control 
group and the experimental group [47]. The results showed that the number of GFP-positive 
cells in the experimental group was much higher than that in the control group. The increase 
in the number of cells in PDL after mechanical stress loading strongly suggests that it occurred 
because BMDCs were transferred to PDL. Using GFP mouse experiments, Tsujigiwa and 
others indicated that the transplanted BMDCs migrated to pulp and differentiated into cells 
constituting pulp tissue [1]. By using the same experiment, Muraoka et al. [48] showed that 
the transplanted BMDCs migrated to PDLs and later differentiated into PDL cells. However, 
the biological response of mesenchymal cells in response to mechanical stimuli also caused 
changes in cell morphology [48]. Movement of transplanted BMDCs using GFP mice was 
reported to be due to mechanical stress [49].
The results of the study showed that the mechanical stress promoted the increase in the 
number of cells in both pressure and tension sides of the PDL. Morphological changes of the 
Figure 6. Micro-CT of day 4 specimen (a), histopathology view (b, c), and IHC of GFP (d). Micro-CT of day 7 specimen 
(e), histopathology view (f, g), and IHC of GFP (h). Scale bar = 50 μm. Quotation alteration of #44.
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extracellular form were not detected, but the number of cells increased in a short period of 
1 week. To determine if an increase in cell number is made by migration of BMDCs, using 
Tomida’s method [47], GFP-positive cells were counted.
The number of GFP-positive cells immediately after stress load showed a gradual increase. It 
had increased over time until 6 months. It is certain that BMDCs were supplied to the PDF for 
a long period of time. Furthermore, when each cell was characterized by double immunofluo-
rescence staining, Tsujigiwa et al. [1, 2] showed that the transplanted BMDCs, GFP-positive 
cells such as osteoclasts, were stained and identified. This confirmed that it moved and dif-
ferentiated into the bone remodeling site.
Applying the method of Muraoka [48], cell identification by double immunofluorescence 
staining with GFP-CD31, GFP- CD68, and GFP- Runx2 were performed. As a result, it was 
possible to distinguish between osteoclasts and macrophages. Furthermore, since some GFP-
positive cells expressing CD31 were found, they were derived from BMDCs and differenti-
ated into hemangioendothelial cells. Similar results were obtained for macrophages by CD68. 
Furthermore, since Runx2 represented fibroblasts [3, 4], respectively, the expression of Runx2 
was executed. As a result, it was clear that it was GFP-positive and expression of Runx2, and 
the cell morphology was a certain swimming; so it was a PLD fibroblast which strongly sug-
gested that it had migrated from the bone marrow.
5. Notch signaling in cell differentiation of the BMDCs in the PDL
The GFP mouse model examination revealed that the cells were derived from mesenchy-
mal cells of the bone marrow. Furthermore, these cells differentiated into the tissue-specific 
PDL fibroblasts, blood capillary endothelial cells, etc. Notch is a membrane-bounded protein, 
which regulates the differentiation gen for changing the cell type [49]. However, there have 
been no reports on the component cells of periodontal polyp-granulation tissues [9].
In usual dental clinical practice, perforation of the floor of the dental pulp suddenly occurred 
during a dental treatment. In case of a large perforation, it cause chronic granulomatous 
growth in the regional portions [9]. Granulation tissue grows in the periodontal ligament 
(PDL) region from the perforated dentin causing periodontal polyp. Regarding the PDL 
polyp, our previous histopathological and immunohistochemical examinations were done 
[4–6]. The data using an experimental system on GFP mouse bone marrow transplantation 
model revealed that the cells were derived from mesenchymal cells of the bone marrow. 
Furthermore, these cells differentiated into the tissue-specific PDL fibroblasts, blood capillary 
endothelial cells, etc. (Figure 6).
In general, Notch signaling is necessary for cell fate determination, cell proliferation, and 
differentiation [56, 57]. Therefore in this study, we examined using the method of Matsuda, 
et al. [9]. We examine the expression of Notch in the experimentally induced pulp polyp 
component cells, using observation of histopathology and immunohistochemistry methods. 
Histopathological observation of 2-week specimens, the spindle-shaped cell proliferation 
was evident with some neutrophils in the specimens. Within these cells, the relatively round 
nucleus-having cell and some capillaries were observed.
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The IHC examination of Notch expression of the 2-week specimens, elongated, and spindle-
shaped cells with spindle nucleus were positive to Notch1 (Figure 7a, b). From 1 to 6-month 
specimens, the spindle-shaped cells were also positive to Notch1. Notch1-positive reaction 
was continuously detected (Figure 7c, d). In contrast, as observed in the control, the dental 
pulpal tissues of the non-treated teeth were completely negative, although some nonspecific 
positive reactions existed (Figure 7e, f). Furthermore, the physiological PDL was slightly 
positive to Notch (Figure 7e).
Generally Notch is an important regulation signaling of morphogenesis. It was reported that 
Notch1 is a transmembrane protein necessary for cell fate determination, etc. [49]. Thus, we 
examined the relationship between the cell differentiation in the periodontal polyp component 
cells and Notch signaling in the present study. According to the present results: (1) spindle-
shaped fibroblastic cell of the pulp polyp tissues was almost Notch1-positive reactive and (2) 
Figure 7. IHC images of notch expression. (a) Granulation tissue area, scale bar = 50 μm; (b) granulation tissue area, scale 
bar = 50 μm; (c) fibrous rich area, scale bar = 100 μm; (d) enlarged view of c, scale bar = 50 μm; (e) control areas (dental 
pulp and periodontal ligament tissues), scale bar = 100 μm; and (f) control areas (dental pulp and periodontal ligament 
tissues), scale bar = 50 μm. Quotation alteration of #44.
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these reactions strongly suggested that the cell differentiation was caused by the Notch1 sig-
naling. The reactions mean that the PDL is always received and controlled by Notch signaling.
6. Conclusions
In general, remodeling of the periodontal ligament (PDL) tissue is occurring in all times. Thus, in 
the above sentences, the word “remodeling” was used in the section “Maintenance of Periodontal 
Ligament Homeostasis.” Our experimental data suggest that the remodeling of periodontal 
ligament with cell acceleration at the furcation area in this experimental model has recovered 
using the cells in situ and the bone marrow-derived cells (BMCs). BMC migration into the PDL 
tissues using BMC transplantation model was examined. BMCs have abilities of cell migration 
and differentiation into tissues/organs in the body. The immunohistochemistry revealed that 
GFP-positive cells were detected in the periodontal tissues, both in the experimental and control 
specimens. These results suggest that orthodontic mechanical stress accelerates transplanted 
BMC migration into the PDL tissues. GFP-positive cells were also positive to CD31, CD68, and 
Runx2 suggesting that fibroblasts differentiated into osteoclasts and tissue macrophages. In this 
way, Notch signaling involvement was considered in our tentative examinations.
Acknowledgements
We have received the supports for this study in parts of the Grants-in-Aid for Scientific 
Research (C) #23592951, #23593075, #25463204, #26463104, #26463031, #16K11817, 17H07211 
and #17K11862 from the Japan Society for the Promotion of Science and have also been sup-
ported in part by 2016 Futokukai Grants-in-Aid for Scientific Research.
Conflict of interest
The authors have declared that there is no conflict of interest.
Author details
Toshiyuki Kawakami1*, Keiko Kaneko1, Tatsuo Takaya1, Saeka Aoki1, Rina Muraoka1, 
Mihoko Tomida1, Norimasa Okafuji1, Masahito Shoumura1, Naoto Osuga1, 
Keisuke Nakano1,2, Hidetsugu Tsujigiwa3 and Hitoshi Nagatuka1,2
*Address all correspondence to: kawakami@po.mdu.ac.jp
1 Graduate School, School of Dentistry and Hospital, Matsumoto Dental University, Shiojiri, 
Japan
2 Okayama University Graduate School of Medicine, Dentistry and Pharmaceutical Sciences, 
Okayama, Japan
3 Faculty of Science, Okayama University of Science, Okayama, Japan
Histology106
References
[1] Tsujigiwa H, Hirata Y, Katase N, Buery RR, Tamamura R, Ito S, et al. The role of bone 
marrow-derived cells during the bone healing process in the GFP mouse bone marrow 
transplantation model. Calcified Tissue International. 2013;92:296-306
[2] Tsujigiwa H, Katase N, Sathi GA, Buerry RR, Hirota Y, Kubota M, et al. Transplanted 
bone marrow derived cells differentiated to tooth bone and connective tissues in mice. 
Journal of Hard Tissue Biology. 2011;20:147-152
[3] Saito Y, Yoshizawa T, Takizawa F, Ikegami M, Ishibashi O, Okuda K, et al. A cell line 
with characteristics of the periodontal ligament fibroblasts is negatively regulated for 
mineralization and Runx2/Cbfa1/Osf2 activity, part of which can be overcome by bone 
morphogenetic protein-2. Journal of Cell Science. 2002;115:4191-4200
[4] Yoshizawa T, Takizawa F, Iizawa F, Ishibashi O, Kawashima H, Matsuda A, et al. Homeo-
box protein Msx2 acts as a molecular defense mechanism for preventing ossification in 
ligament fibroblasts. Molecular and Cellular Biology. 2004;24:3460-3472
[5] Watanabe T, Nakano K, Muraoka R, Shimizu T, Okafuji N, Kurihara S, et al. Role of Msx2 
as a promoting factor for Runx2 at the periodontal tension sides elicited by mechanical 
stress. European Journal of Medical Research. 2008;13:425-431
[6] Watanabe T, Okafuji N, Nakano K, Shimizu T, Muraoka R, Kurihara S, et al. Periodontal 
tissue reaction to mechanical stress in mice. Journal of Hard Tissue Biology. 2007;16:71-74
[7] Watanabe T, Nakano K, Shimizu T, Okafuji N, Kurihara S, Yamada K, et al. Immuno-
histochemistry of the periodontal ligament fibroblasts in orthodontic tension sides. 
Journal of Hard Tissue Biology. 2009;18:175-180
[8] Muraoka R, Nakano K, Matsuda H, Tomoda M, Okafuji N, Kurihara S, et al. Immuno-
histochemical observation of heat shock proteins expression in mouse periodontal tissues 
due to orthodontic mechanical stress. Journal of Hard Tissue Biology. 2009;18:193-197
[9] Matsuda H, Muraoka R, Tomoda M, Nakano K, Okafuji N, Yamada K, et al. Immuno-
histochemical observation of BMP in the mouse orthodontic periodontal tension sides. 
Journal of Hard Tissue Biology. 2009;18:181-184
[10] Kawakami T, Nakano K, Shimizu T, Kimura A, Okafuji N, Tsujigiwa H, et al. Histo-
pathological and immunohistochemical background of orthodontic treatment. Inter-
national Journal of Medical and Biological Frontiers. 2009;15(7/8):591-615
[11] Milton JS. Heat shock proteins. The Journal of Biological Chemistry. 1990;265:12111-12114
[12] Maeda T, Kameda T, Kameda A. Loading of continuously applied compressive force 
enhances production of heat shock protein 60, 70 and 90 in human periodontal ligament-
derived fibroblast-like cells. Journal of Japan Orthodontic Society. 1997;56:296-302
[13] Okazaki M, Shimizu Y, Chiba M, Mitani H. Expression of heat shock proteins induced by 
cyclical stretching stress in human periodontal ligament fibroblasts. Tohoku University 
Dental Journal. 2000;19:108-115
Bone Marrow Mesenchymal Cell Contribution in Maintenance of Periodontal Ligament…
http://dx.doi.org/10.5772/intechopen.80785
107
[14] Ritossa F. A new puffing pattern induced by temperature shock and DNP in drosophila. 
Cellular and Molecular. 1962;18:571-573
[15] Miyagawa Y, Lee JM, Maeda T, Koga K, Kawaguchi Y, Kusakabe T. Differential expres-
sion of a Bombyx mori AHA1 homologue during spermatogenesis. Insect Molecular 
Bio logy. 2005;14:245-253
[16] Gething MJ, Sambrook J. Protein folding in the cell. Nature. 1992;355:33-44
[17] Miron T, Vancompernolle K, Vandekerckhove J, Wilchek M, Geiger B. A 25-kDa inhibi-
tor of actin polymerization is a low molecular mass heat shock protein. The Journal of 
Cell Biology. 1991;114:255-261
[18] Craig EA, Weissman JS, Horwich AL. Heat shock proteins and molecular chaperones: 
mediators of protein conformation and turnover in the cell. Cell. 1994;78:365-372
[19] Arrigo AP, Landry J. Expression and function of the low molecular weight heat shock 
proteins. In: Morimoto RI, Tissières A, Georgopoulos C, editors. The Biology of Heat 
Shock Proteins and Molecular Chaperones. North America: Cold Spring Harbor Labora-
tory Press; 1994. pp. 335-373
[20] Lindquist S, Craig EA. The heat-shock proteins. Annual Review of Genetics. 1988;22: 
631-677
[21] Shigehara S, Matsuzaka K, Inoue T. Morphohistological change and expression of 
HSP70, osteopontin and osteocalcin mRNAs in rat dental pulp cells with orthodontic 
tooth movement. The Bulletin of Tokyo Dental College. 2006;47:117-124
[22] Muraoka M, Tsujigiwa H, Nakano K, Tamura R, Tomida M, Okafuji N, et al. Transplanted 
bone marrow-derived cell migration into periodontal tissues and cell differentiation. 
Journal of Hard Tissue Biology. 2011;20:301-306
[23] Hratl FU. Molecular chaperone in cellular protein folding. Nature. 1996;381:571-579
[24] Ohazama A, Modino SA, Miletich I, Sharpe PT. Stem-cell-based tissue engineering of 
murine teeth. Journal of Dental Research. 2004;83:518-522
[25] Duailibi MT, Duailibi SE, Young CS, Bartlett JD, Vacanti JP, Yelick PC. Bioengineered 
teeth from cultured rat tooth bud cells. Journal of Dental Research. 2004;83:523-528
[26] Kaneko K, Matsuda S, Muraoka R, Nakano K, Iwasaki T, Tomida M, et al. International 
Journal of Medical Sciences. 2015;12:689-694
[27] Fromigue O, Hamidouche Z, Chateauvieux S, Charbord P, Marie PJ. Distinct osteoblas-
tic differentiation potential of murine fetal liver and bone marrow stroma-derived mes-
enchymal stem cells. Journal of Cellular Biochemistry. 2008;104:620-628
[28] Mancino AT, Klimberg VS, Yamamoto M, Manolagas SC, Abe E. Breast cancer increases 
osteoclastogenesis by secreting M-CSF and upregulating RANKL in stromal cells. The 
Journal of Surgical Research. 2001;100:18-24
Histology108
[29] Kinnaird T, Stabile E, Burnett MS, Epstein SE. Bone marrow-derived cells for enhancing 
collateral development. Circulation Research. 2004;95:354-363
[30] Feng W, Madajka M, Kerr BA, Mahabeleshwar GH, Whiteheart SW, Byzova TV. A novel 
role for platelet secretion in angiogenesis: Mediating bone marrow-derived cell mobili-
zation and homing. Blood. 2011;117:3893-3902
[31] Fujii T, Takaya T, Mimura H, Osuga N, Matuda S, Nakano K. Experimental model of 
occlusal trauma in mouse periodontal tissues. Journal of Hard Tissue Biology. 2014;23: 
377-380
[32] Takaya T, Mimura H, Matsuda S, Nakano K, Tsujigiwa H, Tomita M, et al. Cytological 
kinetics of periodontal ligament in an experimental occlusal trauma model. International 
Journal of Medical Sciences. 2015;12:544-551
[33] Popov BV, Serikov VB, Petrov N, Izusova TV, Guota N, Matthay MA. Lung epithelial 
cells induce endodermal differentiation in mouse mesenchymal bone marrow stem cells 
by paracrine mechanism. Tissue Engineering. 2007;13:2441-2450
[34] Zou H, Otani A, Oishi A, Yodoi Y, Kameda T, et al. Bone marrow-derived cells are dif-
ferentially involved in pathological and physiological retinal angiogenesis in mice. Bio-
chemical and Biophysical Research Communications. 2010;391:1268-1273
[35] Tsujigiwa H, Nishizaki K, Teshima T, Takeda Y, Yoshinobu J, Takeuchi A, et al. The 
engraftment of transplanted bone marrow-derived cells into the olfactory epithelium. 
Brain Research. 2005;1052:10-15
[36] Bobis S, Jarocha D, Majka M. Mesenchymal stem cells: Characteristics and clinical appli-
cations. Folia Histochemica et Cytobiologica. 2006;44:215-230
[37] Zhang HK, Zhang N, Wu LH, Jin W, Fenq H, Zhao HG, et al. Therapeutic neovascular-
ization with autologous bone marrow CD34+ cells transplantation in hindlimb ischemia. 
Zhonghua Wai Ke Za Zhi. 2005;43:1275-1278
[38] Stahl SS. Accommodation of the periodontium to occlusal trauma and inflammatory 
periodontal disease. Dental Clinics of North America. 1975;19:531-542
[39] Lindhe J, Ericsson I. The influence of trauma from occlusion of reduced but healthy 
periodontal tissues in dogs. Journal of Clinical Periodontology. 1976;3:110-122
[40] Biancu S, Ericsson I, Lindhe J. Periodontal ligament tissue reactions to trauma and 
gingival inflammation. An experimental study in the beagle dog. Journal of Clinical 
Periodontology. 1995;22:772-779
[41] Waerhaug J. The Infrabony pocket and its relationship to trauma from occlusion and 
subgingival plaque. Journal of Periodontology. 1979;7:355-365
[42] Artavanis-Tsakonos S, Rand MD, Lake RJ. Notch signaling: Cell fate control and signal 
integration in development. Scince. 1999;284:770-776
Bone Marrow Mesenchymal Cell Contribution in Maintenance of Periodontal Ligament…
http://dx.doi.org/10.5772/intechopen.80785
109
[43] Matsuda S, Shoumura M, Osuga N, Tsujigiwa H, Nakano K, Okafuji1 N, et al. Migration 
and differentiation of GFP-transplanted bone marrow-derived cells into experimen-
tally induced periodontal polyp in mice. International Journal of Medical Sciences. 
2016;13:500-506
[44] Matsuda S, Nakayasu K, Tsujigiwa H, Takabatake K, Okafuji N, Shoumura M, et al. 
Overview of cytological dynamics of periodontal ligament inflammatory lesions. Inter-
national Journal of Dentistry and Oral Science. 2016;S9:1-7
[45] Harada H, Mitsuyasu T, Toyono T, Toyoshima K. Epithelial stem cells in teeth. Odon-
tología. 2002;90:1-6
[46] Hiraoka K, Grogan S, Olee T, Lotz M. Mesenchymal progenitor cells in adult human 
articular cartilage. Biorheology. 2006;43:447-454
[47] Tomida M, Tsujigiwa H, Nakano K, Muraoka R, Nakamura T, Okafuji N, et al. Promotion 
of transplanted bone marrow-derived cell migration into the periodontal tissues due 
to orthodontic mechanical stress. International Journal of Medical Sciences. 2013;10: 
1321-1326
[48] Muraoka R, Nakano K, Kurihara S, Yamada K, Kawakami T. Immunohistochemical 
expression of heat shock proteins in the mouse periodontal tissues due to orthodontic 
mechanical stress. European Journal of Medical Research. 2010;15:475-482
[49] Noda Y, Nishizaki K, Yoshinobu J, Orita Y, Tsujigiwa H, Yamada M. The engraftment 
and differentiation of transplanted bone marrow-derived cells in the olfactory bulb after 
methimazole administration. Acta Oto-Laryngologica. 2013;133:951-956
Histology110
